Cladophialophora bantiana is a phaeoid fungus that only rarely has been isolated from sources other than the human brain. It has a particular tropism for the central nervous system (CNS). We have integrated and updated large-scale data related to several aspects of C. Bantiana and reviewed all the available reports on its cerebral infections, focusing on their geographical distribution, infection routes, immune status of infected individuals, type and location of infections, clinical manifestations and treatment and outcome, briefly looking over the spectrum of other disease entities associated with C. bantiana, that is, extra-cerebral and animal infections and on the environmental sources of this fungus. Among the agents of phaeohyphomycosis, a term used to describe an infection caused by a dark pigmented fungus, C. bantiana has some significant specific features. A total of 120 case reports were identified with a significantly higher percentage of healthy subjects than immune-debilitated patients (58.3% vs. 41.7%). Infections due to C. bantiana occur worldwide. The main clinical manifestations are brain abscess (97.5%), coinfection of brain tissue and meninges (14.2%) and meningitis alone (2.5%). Among immunocompetent patients, cerebral infection occurred in the absence of pulmonary lesions. The mortality rate is 65.0% regardless of the patient's immune status. The 
Introduction
Dematiaceous fungi have melanin-like pigments in the cell walls and in humans these can cause a variety of infections known as phaeohyphomycosis, identified by the development of dark-colored fungal cells in invaded tissues. C. bantiana is a highly neurotropic dematiaceous fungus that belongs to the order Chaetothyriales and the commonest cause of human cerebral phaeohyphomycosis.
1-3 C.
Bantiana has previously variously been known as Torula bantiana, Cladosporium bantianum, Xylohypha bantiana, Cladosporium trichoides, Cladosporium trichoides var. clamydosporium, and Xylohypha emmonsii. [4] [5] [6] The present review will maintain the C. bantiana name in all cases. An increasing number of infections by C. bantiana have been reported in both immunocompromised and immunocompetent individuals. In the literature, there are a few short reviews on C. bantiana CNS infections each including only a small number of patients, 3, [7] [8] [9] [10] [11] [12] or cases diagnosed in an Indian hospital gathering with some other reports without providing detailed patients data, 13 and/or gathering the data of other neurotropic black fungi. 2, 10 These might have several different features, such as their origin, route of infection, and pathogenesis, although all have melanine in the cell wall. In the present report, we have reviewed all the available case and research reports associated with C. bantiana.
Review of previous cases
Literature search
A search of the MEDLINE database (National Library of Medicine, Bethesda, Maryland, USA) and Google Scholar was made for cases reported between 1912 and 2015, cross-referencing the terms "Torula bantiana," "Cladosporium bantianum," "Xylohypha bantiana," "Cladosporium trichoides," "Cladosporium trichoides var. Clamydosporium," and "Xylohypha emmonsii," and "cerebral," "brain abscess," "meningitis," "central nervous system infection," "disseminated," and "cerebral phaeohyphomycosis," "extracerebral," "respiratory," "colonization," "cystic fibrosis." These key words were used alone and/or in combination withan "and" statement. Additional cases were obtained by scanning the references cited in the original articles. Original full texts of all the relevant articles were obtained via MEDLINE, TUBITAK-ULAKBIM (Turkish Academic Network and Information Center), or personal communication with the authors and/or other international libraries and were used for the analysis. Extra-cerebral involvement, animal infections, and environmental studies were also briefly assessed.
Definitions
A case was considered a cerebral infection when a clinical syndrome was documented consistent with involvement of brain parenchyma and/or meninges and when C. bantiana recovered from the lesion, by tissue biopsy or operation material or aspirate from the abscess and/or from another deep anatomical site such as subcutaneous biopsy. Cases reported as cerebral phaeohyphomycosis without indicating the aetiologic agent were excluded. Cases were excluded when culturing was not done, and diagnosis was based on the fungal morphology seen on histophatological examination or the fungus failed to grow on culture. Duplicate publications were excluded. The following data were picked up for each patient, if stated: age and gender, race, geographical location; predisposing factors, including underlying diseases and associated medical conditions, clinical symptoms, mode and time to diagnosis, other pathogens isolated or observed in specimens if any, antimicrobial agents administered, regimens and duration of antifungal therapy, invasive or surgical procedures, duration of hospitalization, and patient outcome.
Statistical analysis
The data were analysed using SPSS 21.0 (SPSS Inc, Chicago, IL). The categorical variables were compared by Pearson's χ 2 test and Fisher's exact test. Student t test was used to compare continuous data. Mann-Whitney U-test were used to compare differences when variables were not distributed normally. The cox regression was used to search the effect of several parameters on the length of survival time. Cox regression analysis, with enter selection, were performed to determine independent predictors of survival. A P value of ≤.05 was considered as significant.
Results
The first case of C. bantiana CNS infection was presented by Banti in 1911. 14, 15 Since then, other 133 cases have been described, however, culture was not done in four [16] [17] [18] [19] and remained negative in 10 probable cases in which the diagnosis was based on histopathology. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] The remaining definite 120 cases 7, 8, 11, 12, were analyzed. Of those one was summarized in a general report on fungal brain abscesses in transplant recipients, 76 another one was indicated in a five-year prospective epidemiological study of brain abscess at the neurosurgery service in an Indian hospital 107 although without providing detailed patient data.
A recurrence of cerebral infection within 2 to 6 months was documented in two cases. 62, 101 A mixed infection was presented in four cases, with Mycobacterium malmoense 91 , 88 and two with Candida albicans. 61, 108 The pathogenicity of the isolates was tested experimentally in three cases.
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Demographic and geographic features
The majority of the were reported from India (39, 32.5%), United States (29, 24 .2%, five of them African, five Caucasian and one with an East Asian origin) followed by Brazil (each 5, 4.2%), Canada, France, Spain, South Africa, and United Kingdom (each 4, 3.3%) and Italy, Thailand and Turkey (each 3, 2.5%). Sporadic cases from another 15 countries were reported, that is, Chile, Cuba, Venezuela (each 2, 1.7%), Australia, Belgium, Colombia, Congo, China, Ireland, Japan, Nigeria, Singapore, Slovakia, Switzerland, and Vietnam (each 1, 0.8%). Figure 1 shows the distribution of cases worldwide. One subject reported from the UK had acquired the infection before leaving Jamaica, her home country. Twenty of the patients were African (16.7%), 19 were Caucasian (14.4%), three were from East Asia (0.8%), and race was not indicated in the remaining. Of those, 30 (25.0%) were woman, 86 (71.7%) were men and in four cases gender was not indicated. The average age (range) of patients was 35 years (6 days to 81 years) and was not indicated in five cases (Fig. 2) . Occupation was indicated in 15 case reports; nine of the patients were farmers or agricultural workers, four were florists or gardeners, one was a fruit worker and one was a coal-miner. 
Predisposing factors, underlying conditions
Seventy patients were previously healthy and/or without identifed risk factors (58.3%), five (5/70, 7.1%) had a history of penetrating trauma at the infection site or somewhere else. In five cases (4.2%) the infection was disseminated. 76, 91, 117, 122 Fifty patients (41.7%) had one or more underlying diseases and/or predisposing factors. Twelve of them were solid-organ transplant recipients; only one of them survived. Suppression of innate cellular immunity with corticosteroid use prior to or at the time of infection was reported in 26 (26/50, 52%) patients. Co-existing conditions are shown in Figure 3 . Previous Nocardia pneumonia was reported in two cases. 48, 55 Previous pulmonary 117 cryptococcosis, cutaneous Blastomyces dermatitidis infection, 70 and cutaneous alternariosis on the face 49 were reported in one case each.
Portal of entry and routes of infection
There is no clear evidence for a particular mode of infection; inhalation with occult dissemination is just as likely. C. bantiana was reported in one cases with previous sinusitis, 47 in two with otitis, 31, 38 in four with traumatic intracerebral inoculation, 33, 51, 108, 128 and in one with a history of chest trauma followed by pneumonia and encephalitis. 114 In another patient, a fruit worker who was previously healthy, the route of entry was not clear, although he worked in an environment that could be contaminated with C. Bantiana. 108 Although inhalation of fungal cells followed by colonization and/or infection and subsequent haematogenous spread from an unrecognised pulmonary focus has been hypothesised previously as a route of entry, 83, 131 the majority of patients with cerebral infection had no evidence of previous pulmonary involvement, with only three exceptions. 76, 91, 114 A postpartum woman with acute kidney disease on haemodialysis, developed a brain abscess three weeks after giving birth. The fungus was isolated from the aspirated pus and was not isolated from any other sites like blood or sputum. 121 The isolation of C.
bantiana from respiratory system samples, even in immunocompromised patients, was unlikely to be associated with cerebral invasion by this fungus. Successive C. bantiana isolations were reported from the sputum in a patient with AIDS who had pulmonary infiltrates and without cerebral involvement. 132 Pulmonary phaeohyphomycosis by C. Bantiana was reported without cerebral involvement in a patient with a history of steroid-treated inflammatory bowel disease. 133 In the literature search, the fungus has not been reported as a common pulmonary colonizer, even in patients with cystic fibrosis (CF). Although lesions were mainly localized into the cerebrum, cerebellar and ventricular involvements were also reported, suggesting haemotogenous spread. Although angioinvasion by the fungus seems to be very rare, blood vessels infiltrated with hyphae were reported in only two transplant patients. 104 In one case, 126 although the patient did not present any history of injury, a minor trauma was suspected or a posible implantation of fungal elements into his skin. In another case, a skin lesion was reported along with cerebral abscess at the time of diagnosis. 124 However, in all the reported cases after traumatic implantation to the other body sites, the fungus developed localized soft tissue infections without extending to the CNS [134] [135] [136] [137] [138] [139] [140] [141] [142] [143] even in immunocompromised patients. 117, 139, 144, 145 Incubation period of the CNS infection
In general, the time of onset of CNS infection due to C. bantiana was particularly influenced by both the infection route and inoculum size, apart from the patient's immune status. In one case, 51 accidental inoculation had been reported after an epidural injection with a contaminated steroid solution and through an open cranial wound. In another case, 128 the patient had a head injury caused by falling rocks in a coal mine 5 weeks before the first symptoms appeared. Regarding these two reports, the incubation period can be estimated at about 3 to 5 weeks after direct inoculation into the head. Symptoms of cerebral infection appeared in a patient who underwent allogeneic bone marrow transplantation seven months earlier 69 and nine months earlier in another who had undergone renal transplantation. 72 The time of onset of the subcutaneous disease even in otherwise healthy and immunocompromised patients varies from 4 to 6 weeks to several years. In two otherwise healthy patients, localized subcutaneous lesions appeared in the nontraumatized, virtually intact part of the leg four to six weeks after a tsunami injury. 140 In two patients without cerebral infection, recognising the subcutaneous nodules due to C. bantianatook about 17 years after implantation of splinters of wood into the upper back, which probably caused a local benign infection but which flared up following corticosteroid treatment for systemic lupus erythematosus. 138, 139 This suggests a probable accelerated growth of the fungus after having access the brain environment and a longer incubation period when inoculated into the extra-cerebral tissue, independently of the patient's immune status.
Signs and symptoms
The most commonly reported symptoms of patients with C. bantiana brain infection were severe headache (58.2%), altered mental status (31.6%), seizures (29.3%), hydrocephalus (3.0%), nausea and vomiting (22.4%), hemiparesis (16.7%), speaking difficulties (4.5%), walking difficulties (3.0%), neck stiffness (0.8%), diplopia (3.0%), blindness (2.3%), blurred vision (0.8%), eye deviation (0.8%). Two (1.5%) of the patients were comatose on admission. Most patients were afebrile. Asymptomatic cerebral infection was also reported, although only once (0.8%). In one immunosuppressed patient with diabetes mellitus and sarcoidosis, symptoms of septic arthritis due to C. bantiana first appeared one month after a cutaneous abscess developed over his thigh and an asymptomatic 3-cm diameter cerebral abscess was diagnosed at the same time by a cranial CT and a biopsy from the lesion. 117 
Clinical presentations
The main clinical types of CNS infection by C. bantiana are primary or secondary cerebral infections and meningitis. Well-defined brain abscess (solitary mass or multiple lesions), or poorly demarcated cerebritis with extensive necrotic lesions, mainly in cerebrum and/or cerebellum were reported in 117 (97.5%) cases, coinfection of brain tissue with meninges in fifteen (12.5%), meningitis in three (2.5%), encephalitis and myelitis each in two (1.7%), ventriculites in 16 (13.3%). The abscesses usually showed a predilection for the frontal lobes although corpus callosum (4.2%), thalamic (3.4%), and cerebellar (7.7%) locations were also reported. Cerebral abscess and concomitant ventriculitis were reported in eighteen cases (15%).
Involvement of meninges alone or along with brain tissue abscesses were found in 18 patients who were otherwise healthy except three who had immunodeficiency. All these patients died, except one with unknown outcome 80 65, 86, 106, 123 In one case, branching hyphae was suggestive of Aspergillus species. 83 In general, the fungal structures observed in CNS infections were darkly pigmented, septate, branched hyphae. Occasionally, blastoconidia or globose, intercalary or separate chlamydospore-like swollen cells have also been observed. 105, 114, 106 Autopsy findings revealed that hyphae had no predilection for blood vessel walls. 69 The histology of four neurotropic dematiaceous fungi, including C. bantiana was compared in an experimental murine model. 146 The inflammatory response in early lesions consisting of multiple small microabscessess mostly composed of PMN's around single hyphal elements. More advanced lesions consisted of areas of mononuclear and PMN's with regions of necrosis. Blood vessel invasion was an uncommon histological finding.
Laboratory diagnosis
Microbiologically examined specimens were usually brain biopsy, surgically removed brain tissue, aspirated abscess contents and only occasionally CSF and extracerebellar materials such as lung biopsy, 91 pus aspirated from the chest wall, 114 sputum, 88, 132 and skin biopsy. 124 Lumbar or ventricular puncture was carried out (once or many times) in 15 (12.5%) patients and generally yielded xanthochromic CSF within normal glucose limits but slightly elevated protein contents, in some of them with leucocytes. Direct microscopical examination of clinical samples was rarely performed and routine Gram-stained CSF samples from patients who have brain abscess 91, 92, 97, 114, 125 or myelitis 80 showed no organisms; however, multiple phagocyted hyphae and long chains of small conidia were present in a neonatal meningitis case. 59 Smear examination of Gram-stained pus samples revealed dark 75, 97, 116, 118, 124 or pale 85 coloured, acropetally branching, hyphae and pus cells or absence of fungal structures. 88 In some cases Grampositive hyphae 124 or only septate hyphae with no defined cell wall colour 11, 75, 81, 85, 113 were reported. Potassium hydroxide preparation of pus samples showed brown septate hyphae. 84, 85, 101, 105, 108, 112, 121, 125 Giemsa stained CSF 126 re- vealed fungal cells and an abscess material showed intact typical hyphae 128 ( Fig. 4 ).
Of the 120 cases, blood culture was done four times in one case 81 and once in two others 69, 91 that were always negative for both bacteria and fungi. CSF gave negative culture results even in meningitis cases 91, 92, 99, 114, 125 except one who had ventricular contamination during surgery for multiloculated lesion, 99 another with meningitis and ventriculoperitoneal shunt 7 and in a neonatal infection. 77 C. bantiana was isolated from brain biopsy, aspirated pus or necropsy materials on SDA with or without antibiotics including actidione 67, 94, 101, 116, 118, 120, 125 but could not be isolated on bacteriological media, 118 probably due to the short incubation period for these media rather than because of its composition. The fungus was isolated from brain tissue and subcutaneous biopsy materials from one disseminated case, 117 from brain abscess, vertebral bone and subcranial lymph node biopsy in another, 122 from the lung sample in one case, 91 and from sputum sample of a transplant patient. 88 Diagnosis was established post mortem in three (2.5%) cases. 39, 69, 91 Twenty-seven of the isolated strains from cerebral infections were molecularly identified by comparing the ITS sequence of the internal transcribed spacer domain of rDNAwith those of GenBank (Table 1 ). In three cases the neurotropism of the isolated fungi were demonstrated in experimentally inoculated mice, rabbits and/or guinea pigs.
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Treatment, outcome and antifungal susceptibility
In the earliest 14 cases, either no treatment (10 or only surgery (4) was applied, and all patients died except three that were surgically treated and survived from 1 to 12 years. Death occurred between 2 weeks 41 and 3 months 31 in cases without treatment. In four cases, AMB was delivered directly intralesionally The use of flucytosine (5-FC) alone (150 mg/kg/d) and in combination with AMB was first reported by Middleton et al. 48 in 1976 in two cases. Although both patients died, postmortem examination results showed that in one patient, the fungus had been eradicated. The strain isolated from the other patient at postmortem examination was demonstrated to be resistant to 5-FC. 48 Seven patients (7/28, 25%) treated with 5-FC in different combinations survived. 51, 68, 73, 99 Ketaconazole (KTZ) was used in three cases (3/81, 3.7%) always in combinations. The combination with 5-FC was used for the first time in 1987 with a fatal outcome 58 and recurrence occurred in two months in another patient 62 ; however, KTZ combined with surgical excision was clinically successful in another patient. 66 Fluconazole (FLZ,200 to 400 mg/d) was administered in 11 cases (13.6%), in different combinations. In combination with surgical excision it was used in one fatal case in 1993 8 and successfully in one case 75 but death occurred in three months when FLZ was combined with AMB after partial excision. 67 Susceptibility data showed that FLZ has no significant activity and has no role in treatment. Itraconazole (ITZ, 200 to 600 mg/d) was used in 11 cases (13.6%), and five of them survived. Among the survivers, ITZ was used in combination with 5-FC in one case, 83 with AMB and surgery in one, 118 and with AMB and 5-FC in three. 7, 68, 73 One of the three latter patients survived on 28 months follow-up using that triple combination and complete resection 68 and another one on one year follow-up using the same therapy regimen but without surgery. 73 The novel azoles, voriconazole (VRZ) and posaconazole (PSZ) were administered in a number of relatively recent cases. Voriconazole was used to treat 15 patients (18.5%) in five patients combined with other antifungal drugs two of whom survived 11, 86, 115, 120, 128 and in combination with surgery in the remaining nine with fatal out- In some cases treatment was discontinued by the family's request. 81, 93, 108, 115 In general, the treatment of the cerebral infections by C. bantiana was unsuccessful and the overall death rate was very high. Of the 120 patients studied, a total of 78 died, 30 survived (65.0% vs. 25%), and the outcome was not indicated in the remaining (10.0%). Mortality was significantly higher in females (92%) than in men (68%) (P = .01) and the average age was significantly higher in survivors (31) compared to those that died (40) (P = .04). Of the 30 survivors, 21 (70.0%) were submitted for surgical draining procedures, 19 of them in combination with antifungals. The mortality rate was high in each group of patients treated with different modalities ( survived. None of the treatment modalities (i.e., surgery alone, each antifungal monotheraphy, multiple antifungals, and antifungal(s) and surgery combined therapy) was associated with survival, except ITZ which significantly increased survival (P = .001). Cox regretion analysis adjusted for age and gender revealed thatthe use of steroids had no effect on survival.
Overall death occurred fast in one case, in 2 days soon after presenting to the hospital 99 and the longest follow-up of survivals was 12 years 30 after surgical intervention. In seven post-mortem diagnosed cases neither surgery, nor antifungal treatment was applied. 7, 39, 69, 99 Outcome was unknown in cases that could not be followed up after discharge. 59, 125 Follow-up reports suggest very high death rate ranging from 1 to 6 months following admission to the hospital (Fig. 5) , independent of therapy modality (Fig. 6 ) and immune status (Fig. 7) . Since numerous therapeutic approaches have been used, both monotherapies and combinations, with variable results, a general consensus for the treatment of these infections does not yet exist.
In vitro antifungal susceptibility tests
Antifungal susceptibility tests of the case isolates were performed using different methodologies or method was not indicated, which makes the reported data difficult to interpret, and breakpoints of the different drugs against C. bantiana have not been established. Minimum inhibitory concentrations of the isolates reported in different clinical cases and in several in vitro antifungal susceptibility studies were shown in Tables 3 and 4 . Posaconazole and ITZ demonstrated the best in vitro activities against molecularly 149 ; however, animal studies suggested that it has no value in treating cerebral infections due to C. bantiana, probably due to poor penetration to the CNS. 151 In vitro combination tests for AMB plus 5-FC, and VRZ plus CAS against a case isolate appeared indifferent, and no fungicidal activity was observed for these combinations at the highest concentrations tested. 88 
Experimental therapy studies
Some experimental therapy studies against C. bantiana infections were performed. [151] [152] [153] In a murine model using four clinical strains, 5-FC showed efficacy in a dose-related manner. 152 In another study, AMB, PSZ, and ITZ prolonged the survival of immunosuppressed mice infected intravenously with C. bantiana, but the infection did not completely disappear. In nonimmunosuppressed mice infected intracerebrally, PSZ prolonged the survival of mice and reduced the brain fungal burden compared to that achieved with ITZ and AMB. 151 Remarkably, in a recent study, preliminary experiments with several strains demonstrated that 2 × 10 6 cfu of C.
bantiana produced disseminated murine infections with 100% of animals dying within 20 days. Then, 10 day courses of AMB, micafungin (MCF), VRZ, 5-FC, and PSZ alone and in double or triple combinations were used for the treatment of such infections. The triple combination of PSZ, MCF, and 5-FC improved the survival with respect to both the control group and the corresponding monotherapies, but all the animals died during the experiment. When treatment with this triple therapy was extended up to 30 days, half of the animals survived for at least 10 months. Two patients with subcutaneous infection by C. bantiana were reported having had splinters in soft tissue being in a tornado 17 years prior to the occurrance of the first nodules. 138, 139 One young patient developed a cutaneous infection by this fungus on his arm following having been thrown against a tree trunk and lacerating his arm during the accident. 145 Extracerebral involvement besides cerebral infection, particularly in lungs were documented only in five of the 120 cases. Of the three with lung abscess, in one case, microscopic examination of the lungs showed aspirated foreign material, one had T-cell deficiency and one was lung transplanted. 76, 91, 114 A disseminated infection with brain abscess, vertebral bone and subcranial lymph node involvement was reported in a young man with prediabetes but no other identifiable risk factors. 122 Another disseminated cerebral case was reported in an elderly patient who also had arthritis and skin abscess due to C. Bantiana.
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Pathogenic non-bantiana Cladophialophora sibling species
Apart from C. Bantiana, other species of the genus may cause CNS infections with fatal outcome, usually following trauma, such as C. arxii, C. Emmonsii, and C. modesta. 146, [159] [160] [161] The infection route of cerebral involvement by C. arxii was remarkably different from that of C. bantiana. In the unique cerebral case originally reported as C. bantiana infection by Osiyemi 160 , the patient who was a municipal park employee had an episode of fever and cough 7 months after the heart transplantation. In this case C. arxii (CBS 102461) grew in cultures from lung biopsy and sputum 5 weeks prior to the neurological symptoms and under AMB treatment. However, in 117 of the reviewed case reports, cerebral infection with C. bantiana occurred in the absence of pulmonary lesions, and the fungus was not isolated from respiratory samples of the patients. Moreover, the fungus caused only localized extracerebellar infections without involving the CNS when entered to the tissue from different body sites (Table 5 ). In a case of cerebral infection by C. modesta the incubation period was considerably longer, 4 months, 159 than that of C. Bantiana, 128 which was reported as 5 weeks after head trauma. C. arxii and C. devriesii occasionally caused disseminated infections without involvement of the CNS. 160, 163 Severe deep infections such as pulmonary abscess, [164] [165] [166] osteomyelitis, 167 subcutaneous phaeohyphomycosis 168, 169 and occasionally interdigital tinea nigra-like infections 170, 171 in humans and animals are also caused by C.
arxii, C. devriesii, C. immunda, C. saturnica, and C. boppii (Table 6 ).
Other species of Cladophialophora are potentially able to cause severe infections in otherwise immunocompetent patients and, occasionally in other mamals, as, for instance, C. carrionii and C. samoensis are the main etiologic agents of chromoblastomycosis. The different species of Cladophialophora are morphologically very similar to each other, but some of them can be differentiated by their maximum growth at temperatures more or less coinciding with clinical predilection. 172 While species causing systemic infections are able to grow at 40
• C, those involved in chromoblastomycosis have a maximum growth at 37
• C or in mildly cutaneous infections, such as C. boppii, are not able to grow at these elevated temperatures. 171 The environmental saprobe Cladophialophora saturnica is morphologically very similar to C. devriesii and C. arxii, all them having an optimum growth around 27 • C, and being able to grow at 37
• C, but not at 40
• C. Therefore, these fungi have the potential of infecting humans. 171 
Animal cases
C. bantiana can infect several species of domestic and wild animals including cats and dogs. The majority of animal cases (34.5%) were reported from the United States and opposed to geographical distribution of human infections, very few cases (6.7%) were from India ( Fig. 1) . Of the 30 animal cases, 53.3% had brain involvement. 6, 14, 15, 146, 198, 199, [200] [201] [202] [203] [204] Two C. emmonsii strains were also isolated from animal infections.
Animal pathogenicity studies
A few experimental pathogenicity studies were performed either testing case isolates to confirm them 39, 49, 52, 135 or as laboratory studies with strains from human brain abscesses. 146, 173 Amma et al. 135 performed an animal pathogenicity test using a strain that caused a 7-year infection involving the foot, which was clinically resembling a mycetoma but without granules. Smears from the brains of mices that died inthe study showed numerous filaments and swollen cells while that in the other organs, that is, liver, spleen, kidney, and lungs, only a few fungal elements were observed. In the same study, one rabbit was inoculated intradermally at two sites on the flanks and died after 43 days. A greenish skin pigmentation around one of the sites of inoculation was observed, and the fungus was recovered from skin scrapings. Postmortem examination of the animal showed that brain and spleen were infected by the fungus. Walsh et al. 146 performed a comparative murine neuropathological study involving four fungi causing phaeohyphomycosis including a strain of C. bantiana and describing in detail the morphology of the fungus in the infected tissue and the inflammatory response of the host. C. bantiana in brain tissue stained with GMS appeared predominantly as slender, septate hyphae with occasional acute angular and perpendicular branching, and upon H&E stain showed golden-brown, slender hyphae. Another fungus investigated, Dactylaria constricta, was morphologically indistinguishable from C. bantiana. However, it was possible to distinguish D. constricta from Fonseca pedrosoi, which produced blastoconidia and chlamydoconidia, and Exophiala dermatitidis, which produced blastoconidia, since D. constricta did not produce any of these structures in mouse brains. Sclerotic "muriform" cells were not seen in any histologic section of mouse brains infected with E. dermatitidis that lead to differentiation from F. pedrosoi. Dixon et al. 173 established a CNS phaeohyphomycosis in cortisone-treated mice following intranasal exposure to conidia of a clinical isolate from the human brain. The fungus was recovered from the lungs of 78% of normal mice sacrified within the first 3 days of infection but was not recovered from the brains. In contrast, C. bantiana was recovered from only 33% of the lungs of cortisone treated mice within the first 3 days of infection. However, the fungus was recovered from the brains of 11% of cortisone-treated mice killed or dying over a 28-day period. In another experimental model 152 using immunologically intact mice, testing four different isolates of C. bantiana, it was demonstrated that the degree of virulence was strain dependent.
Environmental studies
Because little is known on the ecology of C. bantiana, to search available data concerning the isolation of the strains from their putative primary habitats is a key issue to understand the route of infection of this fungus. 172 A search of the MEDLINE database and Google Scholar was performed in order to identify the possible habitats of this fungus over the world, particularly in the most prevalent country, India, by cross-referencing the terms "Cladophialophora," "Xylohypha," "Cladosporium," and "fungi," "soil," "plant debris," "agriculture," "crops," "forest," "rock," "mineral substrates," "airborne," and "India." These key words were used alone and/or in combination with an "and" statement. In most of the research, common soil or airborne fungi species were isolated from rural, agricultural, forest or desert soils, even inside cave and from some agricultural plants usually using potato dextrose agar. Several saprophytic Cladosporium species, morphologically related to Cladophialophora, were recorded on tomato, red pepper crops, and in the air over the sunflower fields 174 175 designed a study to evaluate the usefulness of two soil sampling methods, that is, sedimentation and filtration techniques, to recover pathogenic fungi from natural soils. C. bantiana was recovered from 6 samples by the filtration process; however, this fungus could not be isolated by the sedimentation technique. Samples were taken around trees, gardens, and houses, and isolations were made from gardens (five isolates) and around a ball field (one isolate). All these isolates were recovered from the brain of mice after intravenous injection. Additionally, the fungus has been isolated from bark of Juniperus virginiana, 173 scrapings of a brick wall of a seed house, 176 and sawdust 173 , the pathogenicity of these three strains being also demonstrated in mice. Vicente isolated one strain of C. bantiana from bark of Jeriva'a palm in Brazil 177 ;
however, in posterior studies such isolate was molecularly identified as C. immunda. 178 C. bantiana was recently isolated from indoor environment samples such as hot tub water samples. 179 For recovering C. bantiana from natural habitats, probably selective isolation methods, including special media and temperature are required. 147, 178, 181 Table 7 outlines the known environmental sources where strains of C. bantiana were isolated. Interestingly, all strains from soil or sawdust were isolated by animal inoculation. Only one strain isolated from brick wall scrapings was grown on SDA and mycobiotic agar containing antibiotics at 28
• and 30
• C. 176 One strain isolated from post-traumatic human brain abscess associated with hot and humid coal mine was recovered in both SDB at 30
• C and SDA sealed with parafilm, to keep the humidity, at both 30 • and 37
• C. 128 In a series of cerebral infections, it was concluded that C. bantiana generally prefers a warmer climate with high humidity, cases from arid climatic zones being rare. 9 This is confirmed regarding the geographical distribution of the reviewed 120 cases.
Hazard for laboratory workers
Reviewed data showed that the majority of patients seemed to be in good health when infected, which demonstrates that C. bantiana is a true pathogen with a remarkable neurotropism producing infections with mostly fatal outcome. This fungus is difficult to differentiate morphologicaly from other species of the genus such as C. arxii, C. Devresii, and C. modesta, occasionally isolated from human brain, 159, 163 and even nonpathogenic Cladosporium species frequently isolated as contaminants in the rutine laboratory work but very rarely from cerebral infections. 3, 180 Laboratory exposure to cultures of C. bantiana could be a serious hazard of inhalation for laboratory workers andcould cause a cerebral infection. 128, 229 Although risk of respiratory infection from exposure to infected tissue or aerosols of material from abscesses seems low and has not been documented up to now, it might be possible because possible infectious particles such as blastoconida and/or small hyphal elements are present in infected tissue in the reported cases. Theuse of Biosafety Level-2 cabinet was indicated as imperative for miscellaneous molds including C. bantiana. 230, 231 In any case, the fungus was labeled as Biohazard Level 3 by the reference institutes such as ATCC, CBS, and IHEM, and its distribution was prohibited. Therefore, Biosafety Level 3 practices, containment equipment, and facilities are recommended for manipulating dematiaceous fungi isolated from cerebral materials, particularly sporulating cultures of C. bantiana to avoid inhalation of infectious propagules.
Discussion
The genus Cladophialophora represents asexual morphs of the family Herpotrichiellaceae in the order Chaetothyriales that comprises the black yeasts and relatives, including the primary neurotropic C. bantiana, E. dermatitidis, F. Pedrosoi, and Rhinocladiella mackenziei. 147, 172, 181 Within the genus, new species were recently described using molecular taxonomy methods, 1,181 but the majority of brain abscesses with fatal outcomes have been associated with C. bantiana. 147 Unfortunately, for most cases published in the older literature, re-identification down to the species level can not be confirmed by molecular methods due to the abscence of the original isolates. 147 The reported cases have a wide geographic distribution in Asia, North and South America, Europe, and Africa; but India covered the majority of case reports. Although there was only one reported case available in Japan, regarding the C. bantiana strains deposited in reference culture collections, there were at least seven strains from human origin isolated in that country (Table 1) .
Environmental sources of this fungus were not clearly defined. Two cerebral cases were associated with mines 33, 128 and three extracerebral cases with splinters. 138, 139, 141 Therefore, rocks rich in carbon and wooden and plant Table 7 . Environmental sources known molecularly identified Cladophialophora bantiana (n = 10) and neurotropic non-bantiana Cladophialophora strains (n = 1). materials may be the source of traumatic infections. It was postulated by some authors 112 that the inhalation of spores from soil may have been the cause of the infection; however, C. bantiana was very rarely isolated from soil. Although the etiologic agent of the cases was supposed to originate from the environment, isolation of the fungus from nature was difficult probably due to insufficient data on its natural habitat and growth requirements. Regarding that, the known 11 isolates from soil were recovered by animal passage, growth factors, or brain cell extract added to enriched media and incubated in modified atmospheres mimicking the host environment, and maintained humidity may be useful for isolation of C. bantiana from environment, that is, soil, trees, barks, and carbon-rich samples.
It has been hypothesised that one of the most common routes of infection can be by inhalation of airborne conidia, as was demonstrated in animal models. 173 They can be hematogenously spread to the brain, 182 which may be facilitated by immunosuppressive therapy. 173 However, lung infection along with cerebral involvement was documented only in three 76, 91, 114 of the 120 cases (3.3%).
The virulence attributed to C. bantiana is not clearly understood. Melanin production and thermotolerance above 40
• C were considered two significant virulence factors responsible of the fungus pathogenicity and its cerebral localisation. Melanin, as an antioxidant metabolite, scavenges the free radicals produced by phagocytic cells and makes the fungus resistant to oxidative and nitrosative stress, [183] [184] [185] [186] [187] [188] [189] which contributes to microbial virulence by reducing the pathogen's susceptibility to killing by host antimicrobial mechanisms. Neurotropism of C. bantiana may be associated with the ability of the fungus to convert various phenolic compounds available in human brain as was suggested for another neurotropic fungus C. neoformans which has laccase to catalyze melanine in vivo and breakdown lignin in wood. 189 Reports on C. bantiana isolation from two patients with previous pulmonary 117 cryptococcosis may also suggest the possibility of sharing an ecologic niche by these two melanized pathogen fungi. The assimilation of aromatic hydrocarbons was considered to play a role in pathogenesis of black yeasts. 190 An association between metabolism of aromatic hydrocarbons and opportunistic pathogenicity has also been observed in Cladophialophora psammophila, C. immunda and C. saturnica. However, infection patterns of these species tend to be coincidental and mostly limited to skin and nails. 205 The virulence tests on a strain of C. psammophila indicated that this species is, in principle, nonpathogenic.
191
Thermotolerance determines the ability of infecting a particular host and those fungi having maximum growth temperatures above 37
• C may cause systemic or disseminated infections in mammals. 192 Considered potential virulence factors of fungi, such as cell wall adhesion and hydrophobicity, pathogen-associated molecular patterns, which are recognized by cells of the innate immune system, probable mechanisms to avoid fagocytosis, tolerance to oxidative burst, production of extracellular secondary metabolites, and sidephores have not been studied yet for C. bantiana. Future research studies might lighten in vivo behaviours and specific features of pathogenesis of this fungus. C. bantiana CNS infections have some significant specific features. This fungus has not been reported as an airway colonizer in CF patients, although another phaeoid fungus such as E. dermatitidis, which is also found worldwide as saprobic, has been isolated from CF patients [193] [194] [195] [196] and also reported from lethal CNS infections in young and otherwise healthy individuals in East Asia. 172 However, C.
bantiana seems different from E. dermatitidis in its environmental habitat, the possibility of race-dependent virulence, infection route, and pathogenicity and has to be treated individually among other black fungal pathogens. C. bantiana cerebral infections have different features from other Cladophialophora species also reported causing similar infections, although only exceptional case reports attributed to other species were available up to date. Route of infection of C. arxii was hematogenous, 160 and C. modesta had a longer incubation period. 159 Early diagnosis of cerebral infection due to C. bantiana could not be done easily. Radiological findings were nonspecific. Melanin specific stain such as Fontana-Mason should be used for histologic identification because early in the disease progres, the hyphae might not appear pigmented leading to false identification and underreporting of the true pathogen. 197 Treatment of C. bantiana infections has been unsuccessful in most cases (56/93, 60 .2%) probably due to the virulence factors including melanin that makes this fungus easier to survive in brain tissue and poor penetration of the antifungal drugs through meninges and the abscesses wall as well. C. bantiana cerebral infections were associated with poor prognosis irrespective to the immune status of the patient. The available data do not allow one to draw any conclusions about the delay in the initiation of treatment because dates or time were not indicated in most of the case reports. Resection of the lesion seems important for improving survival along with antifungal treatment using agents with good CSF penetration. No single antifungal or combination of antifungals has proved to be effective. In vitro data suggested that ITZ, VRZ, PSZ, and AMB have activity against this fungus, although outcome could be variable.
Because C. bantiana is a primary neurotropic fungus that can infect immunocompetent patients and laboratory workers may be at risk of exposure to fungal cells while working with an unknown phaeoid fungus cultured from cerebral or other clinical specimens and during identification of the isolate, employees have to be aware of the significant risk 128, 229 and have Biosafety Level 3 conditions in the laboratory if possible.
